Introduction
Although Herrick, in his now classic description of acute myocardial infarction, attributed this condition to coronary thrombosis (1), many pathologists have questioned the causality ofthe latter (2) , which led to a lively debate about this subject that raged for several decades. However, the angiographic finding by DeWood et al. (3) in 1980 of obstructive coronary thrombi in a large majority of patients studied during the first hours of acute transmural myocardial infarction, coupled with the experimental observation that myocardium can be salvaged by early reperfusion (4, 5) , led to efforts to dissolve, mechanically compress, or surgically remove or bypass the offending thrombi. The demonstration that coronary thrombi can be lysed successfully in the majority ofpatients by the intracoronary injection of streptokinase (6) as well as by the technically much simpler technique of the intravenous administration of tissue plasminogen activator (7, 8) has raised the hope that large quantities of ischemic myocardium in the distribution of the occluded coronary artery, which are otherwise destined to become necrotic, might be salvaged by timely application of thrombolytic reperfusion. Currently, substantial efforts are underway to perfect techniques to achieve early reperfusion. Although major attention is being directed to thrombolytic therapy, reperfusion can also be achieved by percutaneous transluminal angioplasty and surgical revascularization. The relative advantages and limitations of each of these methods have been discussed elsewhere (9) .
Both the duration and severity of myocardial ischemia are important determinants of cell death (10) ; indeed, the product of the deficit of myocardial blood flow and the duration of ischemia has been shown to correlate well with the ultimate extent of myocardial necrosis (11) . Reimer and Jennings (10) demonstrated in the dog that following coronary occlusion a "wavefront" of myocardial necrosis advances progressively from the subendocardium through the myocardial wall to the subepicardium, and as the time interval between coronary occlusion and reperfusion lengthens, the salvagable tissue becomes confined to the subepicardium. In the absence of substantial collateral blood flow, necrosis of cardiac tissue occurs rapidly, e.g., in the subendocardium of the anesthetized dog, which has relatively little collateral flow; it commences about 20 min after after coronary occlusion and it is essentially complete in the subepicardium, which has greater collateral flow in 3 h (12) . Similar considerations apply to patients in whom the subendocardium also Receivedfor publication 10 July 1985. is most susceptible to ischemic damage. It (15, 16) . However, in a recent study (17) , we found that administration of a calcium channel antagonist at the time of coronary reperfusion did not limit infarct size, a finding which does not support the suggestion that reperfusion causes necrosis ofreversibly injured myocytes. Although the issue is not entirely settled, the prevailing view is that if reperfusion causes any necrosis of reversibly injured myocardium, the quantity of tissue so affected is small (18) . Ischemic cell swelling An impairment of cell volume regulation is characteristic of ischemic tissue injury (19) . Severe persistent ischemia, in the absence of reperfusion, may cause cell swelling and a net gain in tissue water; the mechanism of the latter has not been identified with certainty but it might be secondary to ischemiainduced depression ofthe sodium-potassium exchange pump in the sarcolemma, to the development of increased cell membrane permeability, and/or the formation of osmotically active intracellular particles (20) . Regardless of the specific mechanism(s) responsible for the impairment of cell-volume regulation, the finding of a correlation between increases in myocardial water and reductions in myocardial blood flow (21) suggests that swelling of myocytes may contribute to vascular compression. In addition, ischemia-induced swelling of endothelial cells may contribute to increased vascular resistance. The hypothesis that cell swelling contributes to vascular compression is supported by the observation that perfusion of the ischemic myocardium with hypertonic mannitol prevented both accumulation of intracellular water and progressive increase in vascular resistance in the ischemic tissue. The heart is not unique in this response to ischemia; studies in the brain and kidney have suggested that ischemia-induced cell swelling may cause compression of the lumina of small vessels leading to reduced perfusion of these organs as well (22) .
With coronary reperfusion there is a marked increase in cellular swelling (23) . While this increase is dramatic in irreversibly injured cells, it may also be seen transiently and to a lesser extent in reversibly injured tissue (24, 25) . This so-called "explosive" cell swelling of irreversibly injured cells (26) appears to be caused by an ischemia-induced sarcolemmal abnormality which causes a serious defect in regulation of cell volume and which is associated with marked increases in tissue water, sodium, chloride, and calcium. The hypothesis that sarcolemmal defects may contribute to "explosive" cell swelling as well as irreversible myocyte injury is supported by studies using radiolabeled anticardiac myosin (Fab')2 antibody fragments which have shown that loss ofcell membrane integrity occurs very early during postocclusion reflow (27) .
The "no-reflow" phenomenon After release of vascular occlusion, blood flow may not return uniformly to all portions of the previously ischemic tissue; this condition has been termed the "no-reflow" phenomenon (23) .
The failure to restore perfusion after release of occlusion has been observed in a variety oforgans, including the heart, kidney, brain, and skin. Several mechanisms have been proposed for the no-reflow phenomenon. Ultrastructural studies of zones of no-reflow show actual microvascular damage which could impede inflow into the ischernic zone (23) . These microvascular abnormalities include localized zones ofendothelial cell swelling, termed "blebs," which appear to plug capillaries; increased permeability ofcapillaries with and without gaps in the endothelium leading to rouleaux formation of erythrocytes with subsequent stasis; plugging of the microvascular bed by leukocytes (28); microscopic zones of hemorrhage (5); and myocyte swelling which can compress the adjacent microvasculature. In addition, contracture of myocytes is another possible mechanism by which "no-reflow" could occur. While it has been proposed that the no-reflow phenomenon may be caused by fibrin plugs, this is unlikely since high dose streptokinase does not abolish the noreflow phenomenon (29) .
Does the no-reflow phenomenon contribute to irreversible myocardial cell injury? Studies utilizing fluorescent dye which have determined the location of zones of no-reflow in relationship to anatomic zones of irreversibly injured myocytes suggest that the no-reflow phenomenon probably does not directly contribute to myocardial cell death (23, 29) . In these studies, the zone of no-reflow was always smaller than and contained within areas in which the myocytes were already dead ( Fig. 1 ).
Reperfusion-induced hemorrhage
It has been observed repeatedly in experimental animals that infarcts produced by transient periods of ischemia followed by reperfusion contain areas of hemorrhage (5, 30) . Hemorrhagic myocardium has also been found at necropsy in patients with acute myocardial infarction who underwent thrombolytic reperfusion or surgical revascularization (31) . Accordingly, there has been concern that reperfusion can convert a bland infarct into a hemorrhagic one and, more importantly, that hemorrhage due to coronary reperfusion may lead to the extension of myocardial necrosis (32) .
Hemorrhagic infarction is caused by reperfusion of myocardium in which the damaged microvasculature allows the extravasation of blood into the extravascular space. It is now clear that in dogs relatively short periods (<40 min) of severe ischemia cause necrosis of myocytes but usually not of vascular endothelial cells, and reperfusion of tissue in which the endothelium has been spared of injury will not cause hemorrhagic infarction. However, long periods of severe ischemia damage not only myocytes but cause changes in the capillary endothelial cells as well (33) . The latter consist of localized zones of endothelial swelling which protrude into the vessel lumen, of gaps within the endothelium, and of loss of endothelial pinocytotic vesicles. It should be emphasized that ultrastructural evidence of irreversible damage to myocytes, including disrupted sarcolemmal membranes, is usually present before such structural alterations occur in the microvasculature; that microvascular damage does not appear to be the primary cause of death of ischemic myocytes (34) ; and that microvascular damage is confined to the most subendocardial portion of the infarct where the myocardial cells are already irreversibly injured (Fig. 1) . Reimer et al. (5) have reported that reperfusion-induced myocardial hemorrhage, as noted on gross inspection and histologic examination, was always confined to and never extended outside areas of myocardial cell necrosis. We have observed (24, 30) that dogs subjected to a 2-h coronary occlusion followed by prolonged reperfusion usually had visible hemorrhage within the infarct, that the hemorrhage was smaller than the zone of myocardial necrosis, and that a nonhemorrhagic rim of infarcted tissue surrounded the zone of hemorrhage. Similar observations have been made in patients in whom reperfusion was carried out by thrombolysis or coronary bypass surgery (31 (35) .
The calcium paradox and the oxygen paradox Zimmerman and colleagues (36) described the calcium paradox as a condition in which the sudden readmission of calcium to the perfusate after a brief period in which hearts are perfused with calcium-free media causes massive tissue disruption, enzyme release, the development of contracture, and marked reductions of high energy phosphate stores (37, 38). Perfusion of hearts with calcium-free media even for brief periods leads to increased cell membrane permeability; the primary lesion in the calcium paradox may be the separation of the external lamina and surface coat ofthe glycocalyx, disruption ofthe sarcolemmal bilayer, and the loss of intracellular calcium during the period of calcium depletion (38) . These changes may predispose the cell to a massive influx of calcium and loss of the regulation of cell volume during reperfusion. The influx of calcium may activate the production of free radicals, activate phospholipases which damage the sarcolemma, or disrupt mitochondria. These changes can lead to contracture, cell swelling, and necrosis.
It has been appreciated for a decade that the reintroduction of oxygen to hypoxic or anoxic myocardium may also be detrimental, leading to excess liberation of cardiac enzymes and contracture. Indeed, the effects of restoring calcium to the perfusate after a short period of calcium depletion (the calcium paradox) or of restoring oxygen after a relatively long period of anoxia or ischemia (the oxygen paradox) resemble each other in many ways (37-39). In both conditions, the sarcolemma is damaged, intracellular vesicles develop, and mitochondria move to the cell border. While ultrastructural changes in myofibrils and sarcoplasmic reticulum are observed in the rat heart after 105 mim ofanoxia, far more striking morphologic changes occur after 5 min of reoxygenation following this period of anoxia (40) . Interestingly, Hearse et al. (37) found that reperfusion of ischemic hearts with anoxic fluid resulted in no increase in dam-age and no significant increase in enzyme leakage. However, reoxygenation of the anoxic perfused rat heart causes an immediate and massive enzyme release, and sudden and major ultrastructural damage, both of which are directly attributable to the resumption of oxidative metabolism.
In the calcium paradox, there is passive movement ofcalcium into the cytoplasm, explosive cell swelling, and calcium-induced myofibrillar contracture. In the oxygen paradox, it is likely that the oxygen-induced reenergization ofthe electron transport chain triggers the uncontrolled uptake ofcalcium by the mitochondria from the cytoplasm. Reperfusion or reoxygenation of ischemic myocardium causes contracture of myofibrils, disruption of the sarcolemma, and the appearance ofintramitochondrial calcium phosphate particles. The uptake of calcium by myocytes during reperfusion probably occurs as a consequence ofpassive diffusion into the cytoplasm. Interestingly, reduction of calcium concentration in the reperfusate influences mechanical recovery favorably (41) .
Since ischemic myocardium is not exposed to a calciumfree environment (except when cardioplegia is induced with a calcium-free solution), the calcium paradox is probably not involved in ischemia and clinical reperfusion. However, events observed in the similar and probably closely related oxygen paradox suggest that restoration of aerobic metabolism may be a critical component of reperfusion-mediated events and might extend the severity of ischemic damage and limit the value of reperfusion.
Oxygen-derivedfree radicals
Considerable attention is now being devoted to the mechanism responsible for the oxygen paradox. A leading contender is the production of oxygen-derived free radicals, such as the superoxide anion (O°), the hydroxyl radical ( * OH), and H202, which occurs as a consequence of the reintroduction of molecular oxygen into previously ischemic tissue during reperfusion (42) . These substances are chemically reactive because they contain an open bond as a consequence of an odd number of electrons and they appear to be responsible, at least in part, for the tissue damage consequent to reperfusion (43) .
Studies in a variety of tissues, including the central nervous system (44) , the intestine (45) , and the myocardium (46) suggest that oxygen-derived free radicals do contribute importantly to ischemic injury. Severe swelling and lysis of mitochondria in cardiac myocytes and vascular endothelial cells have been demonstrated when isolated cardiac tissue was exposed to solutions capable of generating free radicals (38, 40, 43) . Oxygen-derived free radicals cause cellular damage by reacting with polyunsaturated fatty acids and result in the formation of lipid peroxides and hydroperoxides (47) , which in turn inhibit many membranebound enzymes, initiate chain-propagating reactions capable of damaging the sarcolemma, and thereby cause the disruption of cellular integrity (48). These radicals also disrupt mitchondrial membranes and the resultant mitochondrial damage may also interfere with the production of ATP, thereby contributing further to ischemic damage of the myocardium (42) . In addition to damaging the sarcolemma and mitochondria, oxygen-derived free radicals may also impair calcium transport by sarcoplasmic reticulum (49) .
Several mechanisms appear to be responsible for the formation of oxygen-derived free radicals during reperfusion. During ischemia, ATP is broken down to AMP which is ultimately metabolized to hypoxanthine. The above mentioned elevation ofcytosolic calcium concentration caused by ischemia enhances the conversion of xanthine dehydrogenase to xanthine oxidase (42, 50) . According to this concept, when molecular oxygen is reintroduced to cells containing high concentrations of hypoxanthine, this enzyme causes the release of O2 and H202. Secondly, during myocardial ischemia, there is loss ofthe enzymes, superoxide dismutase, catalase, and glutathione peroxidase (47, 5 1), which could protect the heart from oxygen-derived free radicals. The autoxidation of catecholamines could provide another source of free radicals (52, 53) .
Oxygen-derived free radicals are also derived from leukocytes, where they participate in the destruction of bacteria and act as mediators of inflammatory responses (54) and of cytotoxicity in experimentally produced inflammation (55) . Activated human neutrophils depress both the uptake of Ca++ by myocytes and the activity of Ca++-stimulated, Mg++-dependent ATPase, which are actions that can be prevented by the combination ofsuperoxide dismutase and catalase, and which therefore are presumably caused by oxygen-derived free radicals (56) . Endoperoxide intermediates, resulting from the conversion of arachidonic acid, also lead to the production ofoxygen-free radicals by leukocytes and other cell types in the heart (57). Leukocytes that are activated during inflammation release a variety of other cytotoxic products, including lysosomal hydrolases, neutral proteases, and arachidonic acid which is converted by lipoxygenases to eicosatetranoic acids and leukotrienes; the latter cause coronary vasoconstriction and increase vascular permeability (58) . Leukocytes begin to migrate into ischemic myocardium from adjacent tissue during the first few hours following coronary occlusion (59) . Of course, they enter ischemic tissue in much greater quantities during reperfusion, particularly when the vascular endothelium has been injured. A role for leukocytes in causing myocardial necrosis has been suggested by Romson et al. (60) , who observed that leukocyte depletion by the administration ofneutrophil antiserum was associated with a significant reduction in infarct size in the dog subjected to coronary occlusion.
Possible role offree radical scavengers The hypothesis that oxygen-derived free radicals play a significant role in the tissue damage observed following ischemia and reperfusion is based not only on the finding that substantial injury occurs when molecular oxygen is reintroduced into ischemic tissue but also on the observation that this injury can be prevented by enzymes that "scavenge" the superoxide radical by catalyzing its dismutation to hydrogen peroxide and oxygen. For example, Shlafer et al. (61, 62) reported that the addition of superoxide dismutase and catalase to the perfusion fluid enhances recovery ofleft ventricular function and reduces ischemiainduced elevation of coronary vascular resistance in isolated perfused hearts. The combination of dismutase and catalase has also been reported to protect perfused rabbit hearts after 3.5 h ofhypothermic ischemia and the combination ofdismutase and mannitol improves recovery ofleft ventricular function following hypothermic hyperkalemic cardioplegia (63) before reperfusion.
The demonstration by Jolly et al. (46) that the administration of superoxide dismutase and catalase to dogs with coronary occlusion prior to the onset of reperfusion reduces infarct size, while the failure of these substances to do so when they are administered following the onset of reperfusion, supports the suggestion that reperfusion damage occurs when the previously ischemic heart is reexposed to oxygen.
Other free radical scavengers also appear to protect the heart from reperfusion injury. Thus, Lefer et al. (64) found in the reperfused cat heart that the iodosphenol, MK-447, when administered in combination with a cyclooxygenase inhibitor, restored ventricular performance, reduced myocardial edema, and prevented leakage of myocardial creatine kinase activity. Alpha tocopherol, by providing hydrogen atoms, may also exert a protective effect by neutralizing oxygen-derived free radicals (54) . Free radical scavengers exert a beneficial action in organs other than the heart as well. Thus, MK-477 was found to prolong the survival of cats subjected to traumatic shock (64) , and the administration of superoxide dismutase to cats with ischemia of the ileum has been shown to protect this tissue from ischemic injury (45) .
Response to reperfusion: the "stunned" myocardium
The initial mechanical response to abrupt coronary artery occlusion is a conversion ofactive shortening ofthe ischemic myocardium into passive systolic lengthening, i.e., paradoxical systolic expansion. The time, rate, and extent of recovery of systolic contraction of ischemic segments is a function of the duration of the occlusion; with a brief (1 min) coronary occlusion, some degree of active shortening begins to return within 20 s following the onset of reperfusion and the return of contractile activity is essentially complete in 30 min. After 5 min of coronary occlusion, contraction of the previously ischemic myocardium remains significantly depressed for as long as 30 min after the onset of reperfusion, and following 15 min of ischemia, the previously ischemic tissue continues to exhibit persistent paradoxical systolic bulging ofthe reperfused zone after a full hour ofreflow. When a more prolonged (2 or 3 h) occlusion is followed by reperfusion, some deterioration of cardiac function occurs immediately. However, function does return over days to weeks to that myocardium which has been salvaged by the reperfusion (30, 65) .
In addition to the prolonged postischemic left ventricular dysfunction outlined above, biochemical abnormalities persist following reperfusion (66, 67) . After 15 min of coronary occlusion, myocardial ATP concentration decreases substantially; it remains significantly depressed for many hours to days of reperfusion and usually returns to normal by 7 d (25, 66, 67) . In other studies, creatine phosphate was shown also to fall markedly within minutes following coronary occlusion but to return to normal quite rapidly during coronary reperfusion.
Viable cardiac tissue, whose recovery of function and ATP concentration following reperfusion is delayed, has been termed "stunned" myocardium (68) . Stated in another manner, stunned myocardium exhibits prolonged postischemic depression of function and high energy phosphate stores, but ultimately does recover both physiologically and biochemically. The concept of myocardial stunning may be of clinical importance in at least two ways. First, it prevents misinterpretation of the finding of the failure of early recovery of contraction of successfully reperfused ischemic myocardium (69) (72) or calcium channel antagonists (17) before, at the time of, or shortly after the onset of coronary occlusion can increase substantially the quantity of ischemic myocardium that can be salvaged by reperfusion. These agents, which appear to act by delaying cell death, may leave a larger quantity of viable cells which can then be rescued by timely reperfusion. This principle might be applied clinically by administering these drugs prophylactically to patients with unstable angina pectoris or prior myocardial infarction who are at high risk of coronary occlusion (or reocclusion). However, a serious limitation of this approach is that, in order to effect substantial myocardial salvage, beta-adrenergic blockers and calcium antagonists probably must be administered before or immediately after the onset of coronary occlusion.
Interventions that enhance myocardial salvage when they are delivered at the time of reperfusion could have the enormous practical advantage of not requiring chronic prophylactic therapy ofmany patients, since only a few ofthem will ultimately develop coronary occlusion. Thus, the finding that the administration of hypertonic mannitol (15) and of fluorocarbons (73) during reperfusion augment myocardial salvage is of great interest because potentially these agents could be infused directly into the infarct-related coronary artery when the latter is opened by the intracoronary administration of a thrombolytic agent or by means of transluminal angioplasty. The demonstration, in experimental animals, that the deleterious effects of reperfusion are related importantly to the action of oxygen-derived free radicals and that these effects can be reduced or even prevented with scavengers offree radicals is intriguing. Ifthese agents were administered systemically just before or even simultaneously with a thrombolytic agent they might augment greatly the potential benefit of reperfusion. However, the value and potential hazard of these agents in patients remains to be tested.
It is not too far fetched to consider that in the not too distant future the optimal approach to the limitation ofinfarct size might consist of a regimen having several components including (a) prophylactic chronic treatment of patients at high risk of coronary occlusion with a beta-adrenergic blocking agent or a calcium antagonist to slow cell death in the event coronary occlusion occurs, and (b) intravenous administration of a potent, relatively fibrin-specific thrombolytic agent, such as tissue plasminogen activator, to reperfuse the severely ischemic myocardium (7, 8) .
Since myocardial necrosis proceeds rapidly after coronary oc-clusion, immediate therapy in the emergency room, the ambulance, or even the home may be required; thus, the regimen should also include (c) the simultaneous administration of thrombolytic agents with drugs, such as free radical scavengers and/or agents which reduce leukocytic activation or infiltration, that minimize the potentially deleterious effects of reperfusion, and (d) early follow-up coronary arteriography, and if severe obstruction persists in the successfully reperfused infarct-related coronary artery, the performance of percutaneous transluminal angioplasty to enhance reperfusion (9), followed by treatment with platelet anti-aggregating agents to prevent rethrombosis and with beta blockers to reduce the risk of reinfarction. In such a therapeutic strategy, myocardial reperfusion is, of course, the centerpiece, but its efficacy might be greatly enhanced by additional therapeutic measures. Given the enormous potential clinical importance of early reperfusion in limiting infarct size, preserving left ventricular function, and thus insuring patient survival, the development of simple, effective, and safe interventions to induce myocardial reperfusion and an increased appreciation ofthe potential benefits and limitations of reperfusion remain fertile areas for clinical investigation.
